Summary Diabetic retinopathy is a major cause of acquired blindness due to the development of retinal neovascularization and associated traction retinal detachment. It is commonly treated with retinal photocoagulation therapy; however, progression to blindness remains a significant problem. To determine the feasibility of adjunctive anti-angiogenic gene therapy, we evaluated the capability of retroviral vectors, which transfer exogenous genes only into dividing cells, to transfer and express a b-galactosidase gene selectively into photocoagulation sites. Thirty-five rabbits received 30 retinal photocoagulation burns in the right eye followed 2 days later by b-galactosidase (G1nBgSvNa) or control (G1XSvNa) vector injection into the subretinal space. b-galactosidase expression was observed in the photocoagulation sites from 5 days after vector administration (31.7 ± 7.0 %) to 12 weeks (6.7 ± 3.4 %). Immunohistochemical studies of the treated retinas using antibody Ber-MAC3 and anti-cytokeratin antibodies revealed that transduced cells were macrophages and retinal pigment epithelial cells. To determine feasibility in a primate, two monkeys received 10 laser burns in the macula superior to the fovea followed 2 days later by G1nBgSvNa vector. b-galactosidase expression was found in photocoagulation sites and foveal retina was well preserved. We conclude that gene transfer to retinal photocoagulation sites provides stable expression of the transduced gene with relatively high efficiency. This feasibility study suggests the possibility of transferring genes encoding for anti-angiogenic factors into photocoagulation sites to improve the efficacy of laser photocoagulation therapy. [Diabetologia (1998) 
41: 500±506]
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tain therapeutic benefit since the disorder is chronic in nature. Adenoviral vectors can transfer genes into both quiescent and mitotic retinal cells [5±10]. They have a high gene transfer efficiency; however, the expression of transferred genes is transient, most probably due to an immune response to the virus [11] . Herpes viruses can also be used for gene transfer into ocular tissues [12, 13] ; however, even replication-deficient herpes viruses show evidence of cytotoxicity [14] . Retroviral vectors have been the carrier of choice in the majority of clinical human gene therapy trials because they have been found to be generally safe with no unexpected toxicities described [15] . Exogenous genes are inserted into the host chromosomal DNA of dividing cells resulting in lower gene transfer efficiencies than for adenoviral vectors; however, this integration results in long-term expression of the transduced genes [15] . Because of these features, we concluded retroviral vectors were the vector of choice for delivering anti-angiogenic genes to the diabetic retina. In order to succeed, however, sufficient numbers of proliferating cells had to be obtained. While the proliferating endothelial cells in the retinal neovascularization observed in the PDR were a potential target, this was unlikely to be a viable option since the number of dividing endothelial cells at any one time is relatively small (unpublished data), and access to the cells is limited by fibrous tissue, thick basement membranes and perivascular cells. For this reason, we attempted to induce potential targets for gene therapy by inducing proliferation in the retina by photocoagulation, the most commonly used treatment to inhibit and/or regress retinal neovascularization. Photocoagulation destroys retinal pigment epithelial (RPE) cells and overlying photoreceptor cells and initiates a local wound healing response in which cell proliferation occurs; however, whether this was sufficient to achieve measurable gene transduction in the retina was not known.
The therapeutic effect of photocoagulation is thought to be due to a combination of effects including destruction of angiogenic-factor-producing ischaemic outer retina [1] , improved inner retinal oxygenation by removal of metabolically active photoreceptors [16] , and stimulation of RPE to produce anti-angiogenic factors [17] . Transduction of genes encoding anti-angiogenic factors into the photocoagulation sites could make photocoagulation more efficacious in inhibiting retinal neovascularization, which is a major risk factor for severe visual loss [18, 19] . To determine the feasibility of gene therapy to improve the efficacy of photocoagulation therapy for treatment of PDR, we evaluated the capacity of a subretinally injected retroviral vector to transduce the b-galactosidase (b-Gal) gene into retinal photocoagulation sites and its subsequent long-term expression.
Materials and methods
Photocoagulation. Forty-three male pigmented rabbits (New Zealand Red) and two cynomolgus monkeys were used in the present study. All procedures were conducted in accordance with the Association of Research in Vision and Ophthalmology Resolution on the Use of Animals in Ophthalmic and Vision Research and were approved by the University of Southern California Institutional care and use committee. The rabbits were aenesthetized with an intramuscular injection of a mixture of ketamine hydrochloride (24 mg/ kg) and xylazine hydrochloride (5 mg/kg). The monkeys were anaesthetized with a mixture of ketamine hydrochrolide (24 mg/kg) and acepromazine maleate (0.005 mg/kg), and 0.03 mg/kg of atropine sulphate was given intramuscularly. In rabbits, thirty burns of diode laser photocoagulation (200 mm spot size, 0.2 s duration, 200 mW) were delivered to the retina inferior to the optic disc through a slit-lamp using a contact lens. In monkeys, 10 photocoagulation burns under the same coagulation conditions were delivered in the macular region superior to the fovea, and the eyes were followed by fluorescein angiography after b-Gal gene transduction.
Retroviral vector. The b-Gal expression vectors G1nBgSvNa (G1, MoMuLV LTR; nBg, nuclear targeted b-Gal gene, Sv, SV40 early region enhancer/promotor; Na, neo r gene) and G1XSvNa (containing only the SV40 promotor-driven neo r gene) (Genetic Therapy, Inc., Gaithersburg, Md., USA) were concentrated by ultracentrifugation to a titre of 1´10 8 colony forming unit (cfu)/ml after collection in UltraDOMA (Biowhittaker, Walkersville, Md., USA) serum free medium. All producer cell lines tested negative for replication-competent virus.
Immunohistochemistry for Ki-67 in the photocoagulation sites. Two rabbits each per day were killed with an overdose of sodi- um pentobarbital (200 mg/kg) on 1, 2, 3 and 5 days after photocoagulation. To find the optimal timing for vector administration, the numbers of the dividing cells in the photocoagulation sites were counted using immunohistochemistry for Ki-67 (MIB5; Immunotech, Westbrook, Me., USA), an antibody that identifies cells in G1, S and G2 phases of the cell cycle. Ten serial sections were cut from each eye in which 9 to 12 photocoagulation sites were identified. The number of Ki-67 positive cells was then counted and identified according to morphologic criteria and in comparison to adjacent sections stained for cytokeratin (Dako, Glostrup, Denmark), which reacts only with RPE cells in the retinochoroidal tissue, or for Ber-MAC3, which is specific for macrophages (Accurate Chemical & Scientific Co., Westbury, N. Y., USA).
In vivo transduction of G1nBgSvNa. Two days after photocoagulation, 100 ml of G1nBgSvNa (30 rabbits and 2 monkeys) or G1XSvNa (5 rabbits) was administered in the right eye of each animal, using an ophthalmic surgical microscope. A glass micropipette with an 80-mm tip was introduced through the sclerotomy under visual control and was advanced into the retina. We injected 100 ml of vector supernatant into the subretinal space overlying the photocoagulation sites. In rabbits, control eyes (n = 5) received G1XSvNa.
Macroscopic observation of b-Gal expression in the laser coagulation sites. The animals were killed with an overdose of sodium pentobarbital (200 mg/kg). On days 1 and 5, respectively, 1 and 2 rabbits were killed. At 1, 2, 4, 8, and 12 weeks, respectively, 6, 11, 9, 3, and 3 rabbits were killed. One monkey was killed at 2 weeks and the other at 8 weeks. Twenty-nine of 35 rabbit eyes as well as 2 monkey eyes used for experiments were placed directly into 0.2 % glutaraldehyde and 2 % paraformaldehyde in 0.1 mol/l phosphate-buffered saline (PBS, pH 7.4) immediately after enucleation. The residual 6 rabbits' eyes (3 each at 2 and 4 weeks) were fixed with 4 % paraformaldehyde for immunohistochemistry. X-gal staining was performed as previously described [4] . Using a dissecting microscope, the retinas were examined and the number of photocoagulation sites with or without b-Gal expression was counted.
Histopathologic analysis. In rabbits, 1 eye each from days 1 and 5, and 2, 4, 5, 2 and 2 eyes from weeks 1, 2, 4, 8, 12, respectively, were used for histopathologic examination. Two eyes, one from each monkey, were also fixed for histopathologic examination. The sections were examined by light microscopy to confirm the nuclear b-Gal expression. To identify the cell types transduced with b-Gal, immunohistochemistry for cytokeratin and for Ber-MAC3 was performed on b-Gal reacted slides in 3 eyes each from 2 and 4 weeks.
The dissected macular regions in the monkey eyes were dehydrated in a series of graded alcohols and embedded in glycol methacrylate. Two to three micrometre sections were stained with periodic acid-Schiff.
Results
Immunohistochemistry for Ki-67 in the photocoagulation sites. One day after photocoagulation, there were no Ki-67 positive cells in the RPE layer. Ki-67 positive macrophage-like cells were observed mainly in the choroid underlying the photocoagulation sites. The number of Ki-67 positive macrophage-like cells in the retina was small (1.8 ± 1.9 per burn). Two days after photocoagulation (Fig. 1) , Ki-67 positive RPE were observed in the photocoagulation sites (4.6 ± 2.6 per burn). Macrophage-like cells were observed in the subretinal space and within the retina (7.4 ± 4.1 per burn). Three and five days after photocoagulation, the numbers of Ki-67 positive RPE cells (3.8 ± 1.8 and 1.4 ± 1.6 per burn on 3 and 5 days after photocoagulation, respectively) and macrophagelike cells (11.4 ± 6.5 and 8.6 ± 7.4 per burn on 3 and 5 days after photocoagulation, respectively) in the retina remained largely at the same level. Thus, 2 days after photocoagulation appeared to be the op- Macroscopic observation of b-Gal expression in the photocoagulation sites in rabbit eyes. Blue positive reaction products were seen exclusively in the photocoagulation sites indicating b-Gal transduction and expression (Fig. 2) . In other regions of the experimental eyes or in the entire control eyes, no blue reaction product was observed. The time course of b-Gal expression in the photocoagulation sites is summarized in Figure 3 . b-Gal expression was first observed on day 5 (31.7 ± 7.0 %), highest levels were seen at 2 weeks (43.3 ± 13.0 %) and expression was observed for as long as 12 weeks (6.7 ± 3.4 %).
Histopathologic analysis in rabbit eyes. One day after subretinal injection of vector supernatant, the photoreceptors over the photocoagulation sites showed degenerative changes. The inner layers of the retinas from the outer plexiform layer to the inner limiting membrane were well preserved. Inflammatory response in the retina was minimal. There were no bGal positive cells seen. On day 5 and at 2 weeks, melanin-laden macrophage-like cells were observed in all layers of the retina. From 4 weeks to 12 weeks, macrophage-like cells decreased in number and were observed mainly in the deeper layers of the retinas. From day 5 to 12 weeks, these macrophage-like cells expressed b-Gal. Immunohistochemistry for macrophages revealed positive reaction with some of these cells (Fig. 4 a) . At the edge of photocoagulation sites, RPE cells expressing b-Gal were also observed from day 5 to 12 weeks (Fig. 4 b) .
Fluorescein angiography and histopathologic examination in monkey eyes. Except for a mild window defect caused by the G1nBgSvNa supernatant injection, no abnormal findings such as macular oedema or fluorescein leakage from the retinal vessels were observed in the fluorescein angiogram (Fig. 5 a) . Light microscopic examination revealed excellent preservation of the retina in the fovea, without retinal degeneration or inflammatory cell infiltration (Fig. 5 b) . In the photocoagulation sites, b-Gal positive macrophages and RPE cells were present though they were fewer in number than in comparable rabbit photocoagulation sites. These findings indicate that exogenous gene delivery performed in this experiment did not affect the fovea of the retina, which is important for central vision.
Discussion
Retroviral vectors have been the most commonly used vectors in clinical gene therapy trials, and have been found to be generally safe with no unexpected toxicities described [15] . Retroviral vectors insert exogenous genes into host chromosomes and provide long-term expression [15, 20, 21] , which is indispensable to obtain a therapeutic effect for chronic diseases such as diabetic retinopathy. Formerly, this characteristic was considered problematic as well, because retroviral vectors insert genes randomly, instead of into predictable sites. Depending on where inserted, the genes could potentially disrupt an essential gene, resulting in disease, or alter genes in ways that favour tumour development; however, the potential risk of unwanted side effects caused by promiscuous gene transfer has been proven negligible [15, 20, 21] .
The efficacy of retroviral transduction should be improved if the vector is targeted specifically to the cells of interest. This can be achieved in part by local administration of the vector by isolated-organ perfusion [22] or into a confined organ such as the eye [4] . Vector-specific modification includes altering the vectors so that they show increased affinity for surface molecules on the targeted cells [20, 21, 23] , or transcriptional targeting in which genes are delivered under the control of appropriate cell-specific promotors [21, 24] .
In the present study, we demonstrated a method of targeted gene transfer into photocoagulation sites by subretinal injection of supernatant containing a bGal retroviral vector, G1nBgSvNa. Since retroviral vectors transduce exogenous genes only into dividing cells, and the normal adult retina does not include proliferating cells, the gene transfer was targeted selectively to the photocoagulation sites. By macroscopic observation, b-Gal expression was first observed 5 days after G1nBgSvNa administration. The ratio of the number of photocoagulation sites that expressed b-Gal was highest at 2 weeks (43.3 ± 13.0 %) and was observed up to 12 weeks (6.7 ± 3.4 %).
In vivo transduction efficiency of retroviral vectors is generally low [15, 20, 21] . Injection of the same vector supernatant at lower titre (1´10 6 cfu/ml) with cultured fibroblasts into the vitreous cavity resulted in 2 % transduction efficiency of b-Gal into the fibroblasts [4] . We suggest that the relatively high transduction efficiency observed in the present study could be attributed to the use of G1nBgSvNa vector at a higher titre (1´10 8 cfu/ml), and to the direct injection of vector supernatant into the subretinal space thus limiting dilution. Intravitreal injection of the vector supernatant was also tried, but there were no transduced cells observed, probably because the vector did not penetrate the retina to access the photocoagulation sites (data not shown). Vectors may also have been diluted in the relatively large vitreous volume, or transduction may have been inhibited by vitreous fluid [4] . Immunohistochemical examination revealed that the cells transduced with b-Gal in photocoagulation sites were RPE cells and macrophages, the same cell types found to be proliferating using Ki-67 antibody. Fluid flow from retina to choroid should increase interaction between G1nBgSvNa vector and RPE. It has been well established that there is a fluid flow from the centre of the eye, across the retina towards the choroid [25] . Directed vector motion to targeted cells by fluid flow has been demonstrated to increase the rate of gene transfer [26] . The phagocytic activity of both macrophages and RPE might also have increased the amount of transduction with G1nBgSvNa vector.
In the present study, the number of photocoagulation sites expressing b-Gal decreased at a later stage, probably due to the clearance of transduced macrophages from the photocoagulation sites. On the other hand, b-Gal expressing RPE cells remained at the photocoagulation sites and kept expressing the transduced exogenous genes. Thus b-Gal expression was confirmed in 6.6 ± 3.4 % of the photocoagulation sites even at 12 weeks after G1nBgSvNa administration. One potential strategy to make photocoagulation more efficacious in inhibiting retinal neovascularization is to transduce genes encoding anti-angiogenic factors in the photocoagulation sites. Since the photocoagulation sites are located in the subretinal space and the neovascularization in diabetic retinopathy occurs in the inner retina, a distance of about 200 mm in the human, genes that encode diffusible anti-angiogenic factors should be used. In support of this approach, analysis of the distribution kinetics of macromolecules injected into the subretinal space revealed that macromolecules were cleared mainly through the retina and the vitreous cavity rather than the choroid [27] . Gene transfer of thrombospondin-1 [28] , flk-1 dominant negative mutant [29] , or platelet factor 4 [30] have been reported to be effective in inhibiting tumour angiogenesis. Tissue inhibitors of metalloproteinases [31, 32] and antisense against VEGF [33] are other potential candidates to use in this strategy. Since VEGF is known to induce not only retinal neovascularization [3] but also retinal oedema [2] , which is also a major risk factor of visual loss, antisense against VEGF would be an especially promising agent.
Most of the b-Gal expressing RPE cells were single cells; however, there were also b-Gal expressing RPE cells which were located in clusters or in a row (data not shown). We suggest that this distribution of RPE was due to cell division of one transduced RPE with b-Gal. At the edge of photocoagulation sites, RPE regenerate and migrate to cover the burns [34] . As the transduced RPE cells divide, the progeny also express the b-Gal gene resulting in clusters of bGal-expressing RPE cells in a row.
The feasibility of exogenous gene transfer into photocoagulation sites was also confirmed in primate eyes when vector supernatant was administered in the macular region. Fluorescein angiography revealed no abnormal findings such as macular oedema or the leakage from the vessels. In histologic examination, the structure of the foveal region was well preserved and there was no evidence of an inflammatory response.
The present study indicates that an exogenous gene can be transduced exclusively into photocoagulation sites with relatively high transduction efficiency, and that the encoded protein can be expressed for at least 12 weeks. There was no apparent adverse effect on the foveal region that is essential for central vision. These results suggest that if genes that encode diffusible anti-angiogenic factors can be transduced using a retroviral vector, they would be expressed at photocoagulation sites in a stable manner. The expressed anti-angiogenic factors could reach the inner retina where neovascularization is located. Inhibition of retinal neovascularization by this method might lead to a better control of diabetic retinopathy and reduction of the incidence of visual disturbance caused by this disease. In addition, since gene transduction occurs exclusively in the photocoagulation sites, the potential risk of side effects caused by unwanted gene transfer into other regions necessary for vision could be reduced.
